A eukaryotic cambialistic superoxide dismutase (SOD) has been purified to homogeneity from mature seeds of the disease-and insect-resistant camphor tree (Cinnamomum camphora). Besides the known role of this SOD in protecting cells against oxidative stress, it can induce the cleavage of supercoiled double-stranded DNA into nicked and linear DNA. It can not cleave linear DNA or RNA, demonstrating there is no DNase or RNase in the purified cambialistic SOD. Furthermore, the SOD can linearize circular pGEM-4Z DNA that is relaxed by topoisomerase I. This result indicates that the DNA-cleaving activity requires substrates being topologically constrained. The supercoiled DNA-cleaving activity of the cambialistic SOD can be inhibited by either SOD inhibitor (azide) or catalase and hydroxyl radical scavengers (ethanol and mannitol). The chelator of iron, diethylenetriaminepentaacetic acid (DTPA), also inhibits the supercoiled DNA-cleaving activity. These results show that the dismutation activity is crucial for the supercoiled DNA cleavage. The modification of tryptophan residue of the cambialistic SOD with N-bromosuccinimide (NBS) shows that these two activities are structurally correlative. The reaction mechanism is proposed that the hydroxyl radical formed in a transition-metal-catalyzing Fenton-type reaction contributes to the DNAcleaving activity. In addition, the cleavage sites in supercoiled pGEM-4Z DNA are random.
toxicity is a family of transition metal-containing enzyme existing in all oxygen-consuming living beings [1, 2] . SOD catalyzes the dismutation of the toxic superoxide anion O 2 • -into O 2 and H 2 O 2 . Hence, SOD, together with catalase and peroxidase, forms the first barrier to defend organisms against the damaging effects of reactive oxygen species [3] . According to their metal cofactors, SOD can be divided into three classes: Cu/Zn-SOD, . These enzymes are encoded by different genes [5] . Fe-and Mn-SOD exhibit high structural homology, while Cu/Zn-SOD is structurally unrelated with these two SODs [6, 7] .
Several new functions of SOD have been found in recent years. It has been reported that Cu/Zn-SOD can be non-enzymatically glycosylated, and then releases copper ions that can carry out the DNA fragmentation [8] . It has also been found that Cu/Zn-SOD can cause apoptosis [9] and lipid peroxidation [10] . The overexpression of Mn-SOD protects cells against death caused by respiration [11] . The functions of SOD are probably linked to the presence of transition metal in the active site of the enzyme [12] . It is reasonable to speculate that this metal-containing enzyme can originate a new free radical reaction to cleave DNA molecule.
In this paper, we report the cleavage of supercoiled DNA induced by a eukaryotic cambialistic SOD purified from mature seeds of camphor tree [13] . The molecular mechanism and physiological significance of the cleavage are discussed.
Materials and Methods

Materials
Sepharose 4B, Phenyl Sepharose CL-4B, Sepharose 6B, prepacked Superose 12 HR column, DNA topoisomerase I and [γ-32 P]ATP were products of Pharmacia. DEAEcellulose (DE-52) was obtained from Whatman. Combined metal-chelating column was set up by connecting outlet of a zinc-chelating column with inlet of a copperchelating column according to the method of Porath et al. [14] . GenElute agarose spin column, E. coli 5S ribosomal RNA and H 2 O 2 were purchased from Sigma. Lambda phage DNA, pGEM-4Z DNA, restriction endonucleases, calf intestine alkaline phosphatase, dithiotheritol (DTT), bovine serum albumin (BSA) and T4 polynucleotide kinase were products of Promega. Diethylenetriaminepentaacetic acid (DTPA) was obtained from Shanghai Chemical Company. AT-Sepharose 4B was prepared by treating Sepharose 4B with 0.2 M HCl at 50 °C for 2 h. All other chemicals were of analytical grade.
Purification of camphor cambialistic SOD
Preparation of the crude extract of camphor tree (C. camphora) seeds was described previously [15] . The cambialistic SOD fraction that passed through ATSepharose 4B column (named post-4B fraction) was collected. SOD was purified to homogeneity from the post-4B fraction through a multistep procedure in which the chromatography on Phenyl Sepharose CL-4B, DE-52, combined metal (zinc and copper)-chelating and Superose 12 HR columns were employed in sequence. The detailed procedure of purification, characterization, the amino acid sequence and expression of this enzyme were described previously [13] . The purity of this enzyme was identified by SDS-PAGE with silver staining (Fig. 1) .
Determination of supercoiled DNA-cleaving activity
One microgram of supercoiled DNA was mixed with various amount of camphor cambialistic SOD in a final volume of 20 µl of buffer A (50 mM Tris-HCl, 100 mM NaCl, pH 7.6) and incubated at 37 °C for 1 h. At the end of incubation, the reaction mixture was extracted with phenol/chloroform and the DNA was precipitated by ethanol. The resulted DNA was analyzed by electrophoresis in 1% agarose gel containing 0.5 µg/ml ethidium bromide [16] . DNA-cleaving activity was expressed as linear DNA content plus nick DNA content versus total DNA content.
Assay for cleavage of relaxed circular duplex DNA
In order to prepare the relaxed circular duplex DNA, seven micrograms of supercoiled double-stranded pGEM-4Z DNA were incubated with 20 u of topoisomerase I in 100 µl of buffer B (35 mM Tris-HCl, 72 mM KCl, 5 mM MgCl 2 , 5 mM spermidine, 0.01% BSA, pH 8.0) at 37 °C for 30 min. The DNA was extracted with phenol/chloroform and then precipitated by ethanol [16] . The relaxed circular duplex DNA obtained was divided equally into seven tubes and incubated with various amount of the cambialistic SOD in the presence or absence of 15 mM ATP in a final volume of 20 µl of buffer C (50 mM TrisHCl, 100 mM NaCl, pH 7.6) at 37 °C for 1 h. After incubation, 2 µl of 10% SDS was added to stop the reaction. Analysis of the enzymatic products was carried out by 1% agarose gel electrophoresis and the DNA bands were visualized by ethidium bromide staining.
Assay for SOD activity
SOD activity was assayed by reduction of nitro blue tetrazolium (NBT) according to the method of Beauchamp and Fridovich [17] .
Chemical modification of tryptophan residues with NBS
The purified camphor cambialistic SOD was dissolved in buffer D (100 mM sodium acetate, pH 6.0) at a concentration of 2.5 µM (0.23 mg/ml). The enzyme solution was titrated with freshly prepared NBS at increasing concentration ranging from 0.25 to 5 µM [18] . After cessation of the decrease in the absorbance at 280 nm, 20 µM tryptophan was added to stop the reaction, then the reaction mixture was loaded to a Sephadex G-25 column (1.5 cm×25 cm) equilibrated with buffer E (10 mM Tris-HCl, pH 7.2) and eluted with the same buffer. The proteincontaining fraction was collected and tested for residual dismutation activity and DNA-cleavage activity. The number of modified tryptophan residues was calculated using a molar extinction coefficient of 5500 M and H 2 O 2 in a final volume of 20 µl buffer A and incubated at 37 °C for 1 h. The reaction was stopped by adding catalase to 0.5 mg/ml. The reaction mixture was extracted with phenol/chloroform and the DNA was precipitated by ethanol. The resulting DNA was analyzed by agarose gel electrophoresis as described above. In the assay to determine the inhibition of iron chelator to DNA-cleavage, DTPA in the indicated concentration was added to the reaction mixture before the incubation.
Preparation of the linear pGEM-4Z DNA from agarose gel
Supercoiled circular double-stranded pGEM-4Z DNA (1 µg) was incubated with camphor cambialistic SOD (1 µg), and the products were separated by agarose gel electrophoresis as described in section "Determination of Supercoiled DNA-cleaving activity". Linear pGEM-4Z DNA band in the agarose gel was excised and the linear DNA was further purified with GenElute agarose spin column.
5'-Terminal labeling of DNA
The purified linear pGEM-4Z DNA was dephosphorylated by calf intestine alkaline phosphatase, and then its 5'-terminus was labeled by T4 polynucleotide kinase and [γ-32 P]ATP. The labeled DNA was analyzed by 3.5% PAGE followed by autoradiography [9] .
Results
Cleavage of supercoiled circular double-stranded pGEM-4Z DNA induced by camphor cambialistic SOD
In order to analyze the DNA-cleaving activity of camphor cambialistic SOD, the supercoiled circular double-stranded pGEM-4Z DNA was incubated with various amount of the highly purified SOD. At low concentration of this SOD, some supercoiled pGEM-4Z DNA was cleaved into a nicked circular form that migrated more slowly than the supercoiled form on a 1% agarose gel. If the concentration of the camphor SOD became sufficiently high, the linearized pGEM-4Z DNA that migrated between the nicked circular and the supercoiled form emerged (Fig. 2) . The percentage of three forms of DNA were quantitated and the results was presented in Fig. 2 . It was clearly seen that the supercoiled pGEM-4Z DNA disappeared gradually and the quantity of the nicked and linear form of pGEM-4Z DNA were raised with the increasing concentration of the enzyme. When 5 µg of SOD was added, almost all supercoiled pGEM-4Z DNA (97.58%) was transformed into the nicked and linear forms.
The question whether the DNA-cleaving activity was an intrinsic characteristic of the camphor SOD or due to nuclease contamination was clarified by following experiments. When pGEM-4Z DNA linearized by HindIII digestion was used as the substrate, no cleavage by the SOD was detected. Furthermore, the camphor SOD did not cleave either the linear double-stranded λ phage DNA or E. coli 5S ribosomal RNA even higher concentration of SOD was used than that in experiments with the supercoiled pGEM-4Z DNA (data not shown). These indicated that this SOD was neither a nuclease itself nor contaminated by trace nuclease.
Conversion of relaxed circular duplex pGEM-4Z DNA into linear form by camphor cambialistic SOD
It was known that DNA gyrase altered the topological linking number of a closed circular duplex DNA via a two-step process by transiently creating a break in one DNA strand and passing another strand through the break [20] . However, in the presence of ATP, the gyrase could introduce negative supercoil into a relaxed circular duplex DNA [21, 22] . The specific cleaving-activity of camphor cambialistic SOD toward supercoiled, but not linear DNA, suggested that the SOD probably acted as a DNA gyrase, especially at the low concentration. If so, one would expect that it could convert the relaxed circular duplex DNA into the supercoiled form in the presence of ATP. However, the result in Fig. 3 indicated that camphor cambialistic SOD catalyzed the relaxed circular duplex DNA into not the supercoiled DNA but the linear DNA. The same result was obtained in the absence of ATP. These data demonstrated that the camphor SOD was not a DNA gyrase. Furthermore, it was likely that the specific clea-ving-activity of the camphor SOD needed the substrate to be topologically constrained. Perhaps the active form of the enzyme was an oligomer, a string of monomers bound to DNA. In this form, the protein could wrap the DNA and induce torsional stress that was necessary for the DNA-cleavage by the enzyme. So the enzyme preferred to cleave topologically constrained supercoiled and relaxed circular duplex DNA, but had no activity on linear DNA.
The relationship between supercoiled DNA-cleaving activity and dismutation activity of camphor cambialistic SOD In order to address the question whether the two activities of camphor cambialistic SOD were structurally and functionally related, here, three different approaches were employed. In the first approach, we tested the effect of chemical modification of tryptophan residues on the two activities of the camphor SOD. The NBS mediated inactivation of the two activities and the decrease in the absorbance of the modified enzyme at 280 nm was concentration-dependent in the range of 0-5 µM. According to molar absorption coefficient at 280 nm being 5500 M -1 ·cm -1 [18, 19] and the molar mass of subunit of this enzyme being 23 kD [15] , the number of modified tryptophan residues was calculated. As shown in Fig. 4 , only one among the seven tryptophan residues per monomer was modified by NBS and both activities were similarly reduced to 37% of the control levels. The result showed that the dismutation activity and the DNAcleaving activity of the camphor SOD were structurally correlative. In the second approach, the camphor cambialistic SOD was inactivated by heating. When the enzyme was kept at 80 °C for 10 min or 90 °C for 10 min, its supercoiled DNA-cleaving activity and dismutation activity simultaneously increased. Furthermore, if the camphor SOD was heated for a longer time or at higher temperature, the supercoiled DNA-cleaving activity was lost rapidly, so did the SOD activity (Fig. 5) . The similar sensitivities to heat of the two activities indicated that their active sites were structurally related.
In the third approach, the effect of SOD inhibitor, azide, on the supercoiled DNA-cleaving activity was tested. The result showed that NaN 3 partially inhibited the supercoiled DNA-cleaving activity compared to control (Fig. 6) . Furthermore, the data indicated it was unlikely that there was any nuclease contamination because no nuclease can be inhibited by NaN 3 to our knowledge.
The DNA-cleavage in a system of ROS generated by Fe
3+ /H 2 O 2
Another point should be noted that since all the reactions were carried out in an opened system, H 2 O 2 Fig. 3 The cleaving activity of camphor cambialistic SOD to relaxed covalently closed circular pGEM-4Z DNA The percentage of relaxed covalently closed circular form and linear form of pGEAM-4Z DNA was expressed as bar graphs. CCC, covalently closed circular; L, linear; S, supercoiled. The data were represented as mean ± SD (n=3). In inset, lanes 1 to 7, 1 µg of relaxed covalently closed circular pGEM-4Z DNA was incubated with 0, 0.1, 0.25, 0.5, 1, 2.5 and 5 µg of the camphor SOD respectively; lane 8, supercoiled pGEM-4Z.
hydroxyl-radical scavengers on the DNA-cleavage was examined. The data obtained showed that catalase, ethanol and mannitol obviously inhibited the DNA cleavage (Fig. 6) . It was reasonable to consider that the DNA-cleaving activity was mediated at least in part by hydroxyl radical that was formed in the Fenton-type reaction catalyzed by transition metal (Fe 3+ /Fe 2+ ), while catalase decomposed H 2 O 2 and ethanol or mannitol scavenged the HO• radical in the reaction system. These probably explained that the two activities of the camphor cambialistic SOD were closely related.
To demonstrate that DNA-cleaving activity of SOD attributed to the Fenton reaction mentioned above, the DNA-cleavage in a HO•-derivable ROS system that was 
Fig. 5 The effect of heating on both DNA-cleaving activity and dismutation activity of the camphor SOD
The percentage of three forms of pGEM-4Z DNA and the dismutation activity was calculated in each case. N, nicked; L, linear; S, supercoiled; DA, dismutation activity. The data were represented as mean ± SD (n=3). In inset, lane 1, 1 µg of supercoiled pGEM-4Z DNA was incubated with 0.5 µg of the unheated camphor SOD; lanes 2 to 7, 1 µg of supercoiled pGEM-4Z DNA was incubated with 0.5 µg of the camphor SOD that was preheated under different condition: 80 °C for 10 min or 80 °C for 20 min, 90 °C for 10 min or 90 °C for 20 min, 100 °C for 10 min or 100 °C for 20 min.
Fig. 6
The inhibitory effect of catalase, NaN3, ethanol and mannitol on the cleaving activity of camphor SOD to supercoiled pGEM-4Z DNA One microgram of the supercoiled pGEM-4Z DNA was incubated with 2.5 µg of the camphor SOD in the presence of different inhibitors. Lane 1 was without inhibitor; lanes 2 to 4 was 0.1, 0.2 and 0.3 mg/ml catalase; lanes 5 to 7 was 10, 20 and 30 mM NaN 3 ; lanes 8 to 10 was 0.5, 1 and 2 M ethanol; lanes 11 to 13 were 0. 1, 0.5 and 1 M mannitol.
was generated as the end product of the reaction in the dismutation of superoxide anion catalyzed by SOD. The transition metal in the active site of the enzyme could react with H 2 O 2 and generate highly reactive HO• radical known to be very effective in causing DNA strand breaks [23] [24] [25] [26] . In order to investigate whether it was in the same way in the cleavage of supercoiled pGEM-4Z DNA by the camphor cambialistic SOD, the effect of catalase and generated by Fe 3+ /H 2 O 2 was tested. As shown in Fig. 7(A with the existence of same concentration of H 2 O 2 [compared lane 4 to 9, 5 to 10, 6 to 11 and 7 to 12 in Fig. 7(A) ]. At the fixed Fe 3+ concentration, the DNA-cleavage was dependent on the level of H 2 O 2 [lanes 4 to 7 or lanes 9 to 12 in Fig. 7(A) ]. The results shown in Fig. 7(B) further revealed that the DNA-cleavage in both SOD and ROS system shared the same mechanism, i.e., either Fe and H 2 O 2 were added together, or the H 2 O 2 was added to the denatured SOD system, supercoiled pGEM-4Z was cleft [ Fig. 7(B) ].
It was known that DTPA was an efficient chelator to iron and could inhibit the iron-dependent DNA damage in human arsenic carcinogenesis [27] . The data in Fig. 7(C) showed that the iron chelator significantly inhibited the DNA-cleavage mediated by both the camphor SOD and the ROS system of Fe The random sites of cleavage on supercoiled pGEM-4Z DNA by camphor cambialistic SOD In order to determine the site-specificity of the cleavage of supercoiled pGEM-4Z DNA catalyzed by the camphor cambialistic SOD, the supercoiled doublestranded pGEM-4Z DNA was incubated with the enzyme and the products were separated by agarose gel electrophoresis. The linear product was extracted from the agarose gel, then digested by several restriction endonucleases respectively and separated again by agarose gel electrophoresis [ Fig. 8(A) ]. Three restriction endonucleases (HindIII, ScaI and ActII) were employed here. They digested intact supercoiled double-stranded pGEM-4Z DNA at only one specific site (i.e., 58, 1820 and 2262 bp respectively). If the camphor SOD cleaved pGEM-4Z DNA at specific sites, then definitely certain specific fragments in gel could be expected. Otherwise, a mixture of fragments with different length would be produced. The experimental results indicated that the linear pGEM-4Z DNA digested by three restriction endonucleases respectively gave no specific fragments but a mixture of fragments with different length [ Fig. 8(A) , lanes 4-6]. In conclusion, the site of DNA-cleavage introduced by the SOD was random.
In an attempt to characterize the type of the cleavage, the pGEM-4Z DNA linearized by the camphor SOD was 5'-end-labeled. The product could be 5'-end labeled with [γ-32 P]ATP by T4 polynucleotide kinase only after dephosphorylation by calf intestinal phosphatase [ Fig. 8(B), lanes 1 and 2] . These facts indicated that camphor cambialistic SOD cleaved supercoiled pGEM-4Z DNA, leaving a phosphate group at 5'-end of the linear form. The autoradiography showed once more that camphor cambialistic SOD cleaved pGEM-4Z DNA at random sites [ Fig. 8(B), lane 3] . Comparison of the two DNA-cleaving system. Lane 1, linearized pGEM-4Z; lanes 2 to 8 represented 1 µg supercoiled pGEM-4Z was incubated with chemicals as follows: 2, water as negative control; 3, 0.5 µg camphor SOD; 4, 0.1 µM FeCl 3 ; 5, 1 mM H 2 O 2 ; 6, 0.1 µM FeCl 3 and 1 mM H 2 O 2 ; 7, 0.5 µg of denatured camphor SOD; 8, 0.5 µg of denatured camphor SOD and 1 mM H 2 O 2 . (C) The effects of DTPA on DNA-cleavage. Lane 1, linearized pGEM-4Z; lanes 2 to 8 represented 1 µg pGEM-4Z was incubated with chemicals as follows: 2, water as negative control; 3, 0.5 µg camphor SOD; 4,0.5 µg camphor SOD and 5 mM DTPA; 5, 0.5 µg denatured camphor SOD (heated at 100 °C for 30 min) and 1 mM H 2 O 2 ; 6, 0.5 µg denatured camphor SOD, 1 mM H 2 O 2 and 5 mM DTPA; 7, 0.1 µM FeCl 3 and 1 mM H 2 O 2 ; 8, 0.1 µM FeCl 3 , 1 mM H 2 O 2 and 5 mM DTPA.
Fig. 8
Restriction enzyme digestion of the pretreated pGEM-4Z DNA with the camphor SOD (A) The analysis was carried out by 1% agarose gel electrophoresis containing 0.5 µg/ml ethidium bromide. Lane 1, supercoil pGEM-4Z DNA; lane 2, supercoiled pGEM-4Z DNA was treated with the camphor SOD; lane 3, the linearized pGEM-4Z DNA by the camphor SOD; lane 4, 5 or 6, the linearized pGEM-4Z DNA that was produced by the camphor SOD was further digested by ScaI, ActII or HindIII respectively; lane 7, DNA molecular-weight markers. (B) Autoradiographic pattern of the 5'-terminal labeling of the linearized pGEM-4Z DNA. Lane 1, the linearized pGEM-4Z DNA was not dephosphorylated before 5'-terminal labeling with T4 polynucleotide kinase and [γ-32 P]ATP; lane 2, the linearized pGEM-4Z DNA was first dephosphorylated by calf intestine alkaline phosphatase and then its 5'-terminus was labeled by polynucleotide kinase and [γ-
32 P]ATP; lane 3, the linearized pGEM-4Z DNA was first digested by HindIII and then the products were 5'-terminal-labeled. The autoradiogram was obtained by exposing X-ray film to the gel.
Discussion
DNA-cleaving activity was an intrinsic property of SOD
Camphor cambialistic SOD could induce the cleavage of supercoiled DNA, moreover, its dismutation activity was necessary for this DNA-cleaving activity in the in vitro conditions as described above. To reach this conclusion, the possibility of nuclease contamination in the enzyme preparation has been excluded by experiments. In this study, the purity of the SOD was very high as determined by SDS-PAGE. The electrophoretic result showed that only one single band of the expected size was displayed on the SDS-polyacrylamide gel visualized with the sensitive silver staining, even as much as 500 ng of enzyme was loaded on the gel. Furthermore, both the DNA-cleaving activity and the dismutation activity of this SOD bore similar respondence to chemical modification of tryptophan and heating. All the data demonstrated that their active sites were structurally related. Finally, It was unlikely that there was nuclease contamination because there was no known nuclease to be inhibited by either NaN 3 or ethanol and mannitol. Considering Cu/Znand Mn-SOD also had supercoiled DNA-cleaving activity [28, 29] , it was reasonable to think this activity was probably an intrinsic property of all SOD species. [31, 32] . In the in vitro system for supercoiled DNA cleavage by SOD, hydrogen peroxide was accumulated. The extremely reactive hydroxyl radical, HO•, could be produced in the Fenton-type reaction, which was probably catalyzed by SOD-bound transition metal ions [33, 34] :
The hydroxyl radical was extremely reactive and could induce lipid peroxidation and DNA cleavage [8, 35] .
The data in the present paper could be explained by above mechanism. As described above, H 2 O 2 could be produced by the catalysis of camphor SOD in an opening system. The resulted H 2 O 2 plus Fe 3+ further formed hydroxyl radical and originated the cleavage of DNA. The result of protecting DNA from cleavage by catalase and hydroxyl-radical scavengers indicated that the H 2 O 2 and HO• participated in DNA-cleavage. If the SOD was thermo-denatured, it could not cleave the pGEM-4Z because no H 2 O 2 could be produced. Whereas, if extrinsic H 2 O 2 was added to the denatured SOD system, DNA would be cleft. The fact that the DNA-cleavage occurred in system of ROS generated by Fe 3+ /H 2 O 2 also verified the above mechanism. On the other hand, the ferrous ion was necessary in the DNA-cleavage by camphor SOD and ROS system because the iron chelator inhibited the reaction in both cases. It was known that iron could effectively mediate the formation of hydroxyl radical in the presence [38] . In our experiments, the camphor cambialistic SOD employed was a fresh preparation with high purity; thus, the release of ferrous ions from the SOD molecule could be ignored. It was reasonable to consider that the enzyme-combining transition metal ions, not the released ones, directly mediated the production of hydroxyl radical that continuously cleaved the supercoiled DNA. This phenomenon happened in oxidative stress in which the balance between the production of ROS and antioxidant defenses was disturbed in living organisms. Oxidative stress caused the DNA breaks, originating a serial of diseases such as cancers as described by Kang et al. [39] . It was suggested that intracellular ROS generation probably constituted a conserved apoptosis event, and cited ROS production as a critical determinant of toxicity associated with exposure to ionizing radiation and chemotherapeutic drugs [40] . We proposed that the DNA-cleaving activity of SOD could be a part of response to oxidative stress in which the catalase could not be enough to catalyze all H 2 O 2 to nontoxic molecules. The accumulated H 2 O 2 plus enzyme-bound transition metal generated ROS and further cleft DNA. The DNA-cleavage probably acts as an original signal of diseases, aging and apoptosis of cells.
On the other hand, the data in this paper provide the first evidence that the action on supercoiled or relaxed circular duplex DNA by an eukaryotic cambialistic SOD may be of biological importance in protecting plant from virus infection, since almost all DNA viruses have
Scheme 1
A possible molecular mechanism of DNA strand breakage induced by SOD "B" represents base (purine or pyrimidine).
of H 2 O 2 and a similar mechanism had been proposed to explain the strand breaks of pUC-18 DNA induced by oxidative stress [36] . In the case of cleaving pGEM-4Z by camphor cambialistic SOD, the phosphodiester bonds were cleft and the linear products retain 3'-hydroxyl and 5'-phosphate groups as described above. A possible molecular mechanism of cleaving supercoiled DNA by SOD is proposed as shown in Scheme 1.
Physiological significance of DNA-cleaving activity of SOD
Since SODs were important enzymes in all oxygenconsuming living organisms [1, 2] , their DNA-cleaving activity should not be only a vestige in phylogeny. As suggested by Dowjat et al. [28] , DNA strand scission by Cu/Zn-and Mn-SODs might contribute to the pathology of several diseases. Rosen et al. [37] reported that some cases of familial amyotrophic lateral sclerosis (FALS) were caused by single-point mutations of Cu/Zn-SOD compared with its wild-type. Kang and Eum showed that the purified FALS mutant and wild-type Cu/Zn-SOD expressed in E. coil cells had identical dismutation activity whereas the hydroxyl radical formation of FALS mutants was enhanced in comparison with that of the wildtype enzyme. These higher free radical-generating activities of mutants facilitated the release of copper ions from their SOD molecules and the mutants that reacted with hydrogen peroxide enhanced DNA strand breaks and lipid a double-strand phase in their replication cycles. The supercoiled doubled-stranded DNA is prone to cleavage by SOD. 
